Background: Cerebral dopamine neurotrophic factor (CDNF) is a promising therapeutic agent for treating Parkinson disease. Results: We determined the solution structure of CDNF and demonstrated its neuroprotective effects against insults caused by ␣-synuclein oligomers.
rived neurotrophic factor, a CDNF paralog, which corresponds to its intracellular mode of action. We also showed that CDNF was able to protect dopaminergic neurons against injury caused by ␣-synuclein oligomers. This advises its use against physiological damages caused by ␣-synuclein oligomers, as observed in Parkinson disease and several other neurodegenerative diseases.
Parkinson disease (PD)
3 is a degenerative disorder of the central nervous system that presents with characteristic motor symptoms that are a result of the death of dopamine-producing neurons in the substantia nigra (1) . A hallmark of this disease is the occurrence of Lewy bodies, which are abnormal aggregates inside of neurons and are primarily composed of ␣-synuclein (2) . The ␣-synuclein protein is soluble and is abundant within pre-synaptic terminals in the brain. It can also form oligomers, which are believed to be the toxic species that result in the development of PD (3) .
Several compounds, including naturally occurring neurotrophic factors (NTFs), have been predicted to control the symptoms of and even lead to recovery in patients afflicted by PD (4) .
Cerebral dopamine neurotrophic factor (CDNF) is considered one of the most potent NTFs. It can protect or repair rat dopaminergic neurons that have been exposed to 6-hydroxydopamine (6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine, both of which are synthetic drugs that induce Parkinsonism. Initially described in 2007, CDNF has been used in therapeutic trials conducted on animal models in which PD was induced by 6-OHDA or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (5) (6) (7) . Moreover, the overexpression of CDNF in rat striatum that had been lesioned using 6-OHDA was found to reduce neuroinflammation and repair parkinsonian behavior (8 -10) .
In its mature form, human CDNF is a protein comprised of 163 amino acids and is a paralog of mesencephalic astrocytederived NTF (MANF) (61% amino acid sequence identity and 82% similarity) (11) ; there are also homologous genes in invertebrates (12) . As with other NTFs, human CDNF can be secreted from transiently transfected neurosecretory cells (13) . It has been demonstrated that CDNF is widely expressed by neurons in the brain cortex, cerebellum, hippocampus, midbrain, striatum, and substantia nigra, a distribution that corroborates the important neurotrophic activity of this protein (7) .
The crystal structures of the N-terminal domain of CDNF (PDB code 2W50), encompassing residues 1-107, and of fulllength MANF (PDB codes 2W51 and 2KVD) have revealed homologous N-terminal domains that are each composed of five ␣-helices and a 3 10 helix (14) . The structure of the CDNF N-terminal domain is conserved among saposins, a class of proteins that interact with lipids and membranes. At the time of this writing, such activity has not been reported for CDNF or for MANF.
Although the structure of the C-terminal portion of CDNF has never been determined, MANF has been found to have a well folded C-terminal domain. The two domains of MANF, an N-terminal domain (residues 7-91) and a C-terminal domain (residues 112-147), appear to have distinct activities (14 -16) .
The C-terminal domain of MANF has three-dimensional structural homology to the SAP (SAF-A/B Acinus and PIAS) domain of Ku70 (15) , an intracellular inhibitor of Bax (Bcl-2-associated X protein) (17) . Accordingly, cytoplasmic injection of either full-length MANF or its C-terminal domain alone leads to an inhibition of Bax-dependent apoptosis in mouse superior cervical ganglion neurons, which suggests that this NTF possesses an intracellular mode of action (15) . Indeed, exogenously applied CDNF is able to prevent apoptosis in PC12 cells by modulating Bcl-2/Bax and caspase-3 activation (18) . MANF also contains a functional KDEL endoplasmic reticulum retention signal at its C terminus, which binds to KDEL receptors both intracellularly and on the cell membrane (19) . The removal of this C-terminal tetrapeptide motif can increase the secretion of MANF, which contributes to the hypothesis that MANF has at least two distinct targets: an intracellular target that is associated with the endoplasmic reticulum and an extracellular target.
It is notable that although MANF possesses two domains that are distinct in their activities, the intact, full-length protein is biologically necessary. For example, only mature MANF (and none of its individual domains) has been shown to rescue larval lethality in Drosophila, as determined by a transgenic rescue approach (20) . More striking is the fact that, in the same study, CDNF was not able to rescue the lethal phenotype, which suggests that these paralogs perform distinct actions. The synergic effect of MANF and CDNF intranigral overexpression in a rat model for PD supports this hypothesis (21) .
It is still not clear why the crystallized structure of CDNF lacks a 6-kDa C-terminal domain, which was intriguingly cleaved either during or after purification even when the solution of the protein appeared to be pure (14, 22) . It has been speculated that CDNF requires proteolytic cleavage of the linker region that connects its two domains to produce a mature protein that can function through these domains separately (14) . Additionally, it has been suggested that the C-terminal domain of CDNF, which spans residues 108 -161, is intrinsically unfolded (14) .
In this paper, we addressed two eminent uncertainties regarding the structure and function of CDNF by addressing the following questions. 1) Does the three-dimensional structure of CDNF differ from that of MANF, specifically with respect to the structure of the C-terminal domain? 2) Can CDNF actively protect or rescue neurons against a physiological effector of neuronal injury that is associated with PD, namely, oligomers of ␣-synuclein?
To address the first question, we determined the NMR solution structure of recombinant, full-length CDNF (amino acids 1-161) in solution at pH 6. This task was made possible because of an improved purification protocol that prevents the proteolysis of CDNF. The three-dimensional structure of CDNF revealed a monomeric protein with two well folded domains: an N-terminal domain of ϳ100 amino acids and a C-terminal domain of ϳ51 amino acids. More strikingly, we found two dynamic surface patches on the N-terminal domain that could represent active sites. The structure of the C-terminal domain resembles the structure of MANF, and the intracellular effects of these paralogs, including those associated with organelle distribution and anti-apoptotic effects, are therefore most likely conserved (15) . In answering the second question above, we demonstrated that recombinant CDNF protects and rescues both primary cultures of dopaminergic neurons, which were isolated from E14 mouse mesencephalon, and cultures of differentiated neuron 2a (N2a) cells from toxicity induced by ␣-synuclein oligomers.
Experimental Procedures
Protein Production-CDNF was produced as described by Latgé et al. (22) , with some modifications. After CDNF was eluted from HiTrap SP, with a linear gradient of NaCl (0 -1 M) at 67 mM per min, fractions containing the protein as checked by monitoring absorption at 280 nm and denaturing polyacrylamide gel electrophoresis were loaded onto a Zn 2ϩ chelating Hitrap column (GE Healthcare) equilibrated with 20 mM MES, pH 6.5, and 100 mM NaCl. The unbound material was loaded onto a Superdex 75 column (16 ϫ 100 mm, GE Healthcare) equilibrated with 20 mM sodium phosphate, pH 6, 100 mM NaCl, 3 mM NaN 3 , and 1 mM EDTA. A major well defined peak around the expected elution volume according to the calculated molecular mass of CDNF (ϳ18 kDa) was observed by monitoring absorption at 280 nm. The fractions of this main peak were further analyzed by denaturing polyacrylamide gel electrophoresis, MALDI-TOF, and the protective activity on mesencephalic primary culture, which confirmed the presence of pure active CDNF-(1-161). This sample was concentrated by ultrafiltration using Amicon ultracentrifuge device (Millipore) with cutoff of 10 kDa. The sample for structure determination contained 0.65 mM CDNF in 20 mM sodium phosphate, pH 6, 100 mM NaCl, 3 mM NaN 3 , 1 mM EDTA, and 10% (v/v) D 2 O. The oligomers of recombinant ␣-synuclein were produced as described previously (23) .
NMR Experiments-NMR measurements were performed at 25°C on Bruker Avance III spectrometer operating at 1 H frequency of 1000 and 600 MHz using z axis gradient 5-mm triple resonance cryogenic probe and 800 MHz, using z axis gradient 5-mm triple resonance probe.
1 H chemical shifts were referenced to internal 3-(trimethyl-silyl)-1-propanesulfonic acid, sodium salt. Using the absolute frequency ratios, the 13 ⑀ resonances of arginines 20 and 28 and the chemical shifts of amide side chain groups of all asparagine and glutamine residues, except for Asn-143, were assigned. The imidazole ring of histidines, primary amine side chain groups for lysines and arginines, oxygen and sulfur atoms, and the hydrogens bound to these atoms were not assigned. For the NOESY peak picking and NOE assignment we used the software package UNIO version 10 (25 H]-NOESY spectra optimized for the aliphatic and aromatic regions. The NOE data were measured at 800 MHz or 1 GHz with a mixing time of 80 ms. The three NOESY spectra were peak picked and assigned automatically with the standard ATNOS/CANDID/CYANA protocol including seven cycles of peak picking, NOE assignment, and three-dimensional structure calculation with simulated annealing in torsion angle space (26) . The final target function was 2.6 Å 2 . The disulfide bridges were identified from the conformers generated using this calculation protocol and then the protocol was run with the disulfide pairs pre-formed.
Steady (29 -31) . The spectra with a delay of 500 ms for R 1 and 80 ms for R 2 were recorded three times and the peak intensities measured in these spectra were used to calculate the standard deviation of the experimental data. The peak intensities obtained from each spectra for each residue was fitted to a single exponential decay equation to extract the R 1 and R 2 data: I(t) ϭ A ϫ exp(ϪR 1,2 ϫ t), where I(t) is the intensity obtained from peak height measurements at a given recovery delay t (ms), and A is the intensity at t ϭ 0. The NMR spectra were processed with Topspin 3 and analyzed with Cara 1.8.4.2.
Structure Calculation-The structure calculations were performed using the standard procedure recommended by the RECOORD database initiative (32) . For the structure calculation we used the software package CNS_SOLVE version 1.3 (33) . The input consisted of the NOE upper distance limits and disulfide bonds obtained by the UNIO automated analysis of the NOESY spectra and structure determination, backbone and dihedral angle constraints derived from the C ␣ chemical shifts (34, 35) , and an extended structure generated with the primary sequence of CDNF. The 20 conformers with the lowest total CNS energy, of 100 calculated, were energy-minimized in a water shell. The structure quality was assessed by the software package available at the AutoDep protein structure deposition interface (36) .
Three-dimensional Structure Analysis-The figures with structures were prepared with Molmol (37). The backbone average local displacements were calculated with Molmol, using the overlap of three residues, centered on each amino acid within the range of 2-160. Exposure for the amino acid side chains were calculated for each monomer in crystallized proteins and for the conformer with the lowest total energy for the NMR solution structures, using standard setup in Molmol.
Small Angle X-ray Scattering Data Collection and Shape Restoration-SAXS data were acquired using the SAXS1 smallangle beam line of the National Synchrotron Light Laboratory, Campinas, Brazil, using a two-dimensional position-sensitive detector, with a mica sample holder and a wavelength of 0.155 nm at 20°C. 5 frames of 5 s were taken for CDNF (2 mg/ml), however, because of x-ray effects, solely the first frame was considered for further analysis. The modulus of scattering vector q was calculated using the following equation: q ϭ (4/) sin, where is the wavelength used and 2 is the scattering angle. Data were subtracted from the buffer contribution (20 mM sodium phosphate, pH 6, 100 mM NaCl, 3 mM NaN 3 , and 1 mM EDTA). The sample-detector distance was set at 941.76 mm, allowing detection of a q in a range from 0.107 to 4.07 nm Ϫ1 . Low resolution shape restoration was performed for CDNF with 10 independent calculation trials using the DAMMIN program (38) and averaged in DAMAVER (39) . The precision of the averaged envelope was available from the normalized spatial discrepancy parameter (NSD for CDNF equal to 1.066 Ϯ 0.354). Superposition between the high resolution three-dimensional structure obtained by NMR and the low resolution model obtained by SAXS was done using SUPCOMB (40) .
␣-Synuclein Oligomer Formation-Recombinant human ␣-synuclein (␣-syn) wild type and its mutant A30P (41) were expressed and purified as previously described (42) . Solutions of 140 M A30P monomer in phosphate-buffered saline (PBS), pH 7.5, were filtered in a sterile 0.22-m filter and incubated at 37°C, with agitation at 800 rpm for 48 h, to allow oligomer formation.
Thioflavin T Binding Assays-For thioflavin T (ThT) binding assays, the samples were diluted to 2 M in PBS at pH 7.5 containing 20 M ThT and binding was monitored using a spectrofluorimeter (ISS Inc., Champaign, IL) to measure the fluorescence increase (excitation at 450 nm and fluorescence emission at 465-520 nm) (43) .
Atomic Force Microscopy (AFM)-Topographic AFM images were obtained in air at room temperature using TappingMode AFM with Dimension ICON. Images were acquired using oxide sharpened Si 3 N 4 AFM tips (Kϳ3 N/m) (model OTESPA) at 0.5 Hz scan rates and scan resolution of 512 samples per line. Images were subjected to 2nd order polynomial flattening as needed to reduce the effects of image bowing and tilt. For imaging methods, 5 l of 140 M ␣-syn in PBS was applied to freshly cleaved mica and allowed to remain in contact for 5 min, followed by two 5-min washes with 100 l of MilliQ water. The samples were then allowed to dry for 10 min.
Dot Blot Assay-Samples of ␣-syn (140 M) before and at 48 h or 10 days after incubation (37°C with agitation at 800 rpm) were spotted onto nitrocellulose membrane. The membrane was blocked using blocking solution (Odyssey) for 1 h. The membranes were incubated with anti-oligomer A11 (1:1000; AB9234, Millipore), anti-human ␣-syn (1:1000; AB5336P, Millipore), or anti-amyloid fibrils OC (1:1000; AB2286; Millipore) diluted in blocking solution for 2 h, washed 3 times with PBS, 0.1% Tween 20, and then incubated for 1 h with secondary antibody conjugated to IRDye 700 or 800 nm (1:5,000, 926-32210 or 925-68071, Odyssey). The images were visualized using an Odyssey Infrared Imaging System. Dopaminergic Neurons Culture-Primary cultures of dopaminergic neurons were prepared from mesencephalon of 14-day-old Swiss Mice embryos (E14), as previously described (44) . Pregnant Swiss mice were anesthetized and decapitated; the brain structures of the 14-day-old embryos were removed and dissociated cells were plated on coverslips treated with poly-L-ornithine (1.5 mg/ml; Sigma) in serum-free neurobasal medium. The cultures were incubated at 37°C in a humidified 5% CO 2 and 95% air chamber for 7 days. These neuronal cell cultures were assayed by immunocytochemistry with anti-TH (1:100; AB152, Millipore) antibody and DAPI (4Ј,6-diamidino-2-phenylindole) to identify tyrosine hydroxylase (TH) and nuclei, respectively. Then, the cultures were preincubated with CDNF or its buffer (vehicle) for 1 h, after which oligomers of ␣-synuclein were added to test the protective activity of CDNF. The cell viability assays were performed after 12 h. The manipulation of mice has been reviewed and approved by the Animal Use Ethics Committee of the Federal University of Rio de Janeiro (CAAE number 03102012.4.1001.5257).
Cell Viability Assays-MTT reduction assay for the monolayer culture was carried out using the previously described methods (45) using 10 l of MTT solution/well. The plate was incubated at 37°C in a 5% CO 2 atmosphere for 2 h. The amount of formazan crystals formed was quantified using a microplate reader (SpectraMax Paradigm Multi-Mode reader, Molecular Devices). The measures were performed at 570 nm and subtracted by the measures at 630 nm.
Lactate dehydrogenase release assay was quantified in N2a cells using the Cytotox-ONE assay (Promega) according to manufacturer's protocol. LIVE/DEAD assay (Molecular Probes) was used according to the manufacturer's instructions. Cells were visualized using an EVOS microscope (Advanced Microscopy Group), and the percentage of live cells was calculated.
Differentiated Neuro 2a (N2a) Culture Cells-Mouse neuro 2a (N2a) cells (ATCC CCL-131 TM ) were plated at a concentration of 12,000 cells/well in 24-well plates with coverslips for immunocytochemistry and 6,000 cells/well in 96-well plates for viability assay. Cells were maintained in DMEM high glucose supplemented with 4 mM L-glutamine (Sigma), 100 g/ml of penicillin and streptomycin, and 10% FBS (Invivocell) at 37°C in 5% CO 2 for 24 h. For differentiation, medium was changed to DMEM ϩ 0.5% FBS with 1 mM Br-cAMP (Sigma) for 3 days at 37°C in 5% CO 2 . Differentiation was confirmed by immunocytochemistry by the presence of TH.
Western Blotting-The samples were heated at 95°C for 5 min in the presence of Laemmli buffer (46). SDS-PAGE was performed under reducing conditions using 15% polyacrylamide gels. Samples were transferred to nitrocellulose membranes and probed with rabbit polyclonal anti-TH antibody (1:100; AB152, Millipore) and anti-␤-actin (1:10,000; A2066, Millipore). Blots were then probed with secondary antibody conjugated to IRDye 700 or 800 nm (1:5,000; 926-32210 or 925-68071, Odyssey) and visualized using an Odyssey Infrared Imaging System.
Immunocytochemistry-N2a cells were fixed with 4% paraformaldehyde for 20 min at room temperature, permeabilized in Triton X-100 (1% in PBS) for 4 min at room temperature, and preincubated with blocking buffer Odyssey TM for 1 h. Cells were then incubated with rabbit polyclonal anti-TH (1:100; AB152, Millipore) and mouse anti-MAP2 (1:100; AB2290B, Millipore) in blocking buffer Odyssey TM ϩ 0.1% Triton X-100.
After washing with PBS, the cells were incubated with secondary antibodies conjugated with Alexa Fluor 488 (anti-rabbit 1:1000; A-11008, Molecular Probes) and Alexa Fluor 546 (antimouse 1:500; A-11003, Molecular Probes) overnight at 4°C. The cells were then washed with PBS, stained with DAPI, washed three times with PBS, and mounted. The cells were imaged using an Avos (AMG) microscope with ϫ20 lens. The images were processed using ImageJ software.
Results

Three-dimensional Structure of Full-length CDNF (FL-CDNF) in Solution-
The solution structure of recombinant FL-CDNF is presented (Fig. 1) . To obtain the full-length protein, a new protocol for recombinant expression (in Escherichia coli) and purification of FL-CDNF was developed by our group, which included an additional step of Zn 2ϩ affinity chromatography to eliminate any metalloprotease activity that might explain why CDNF undergoes a spontaneous cleavage near position 105, freeing the C terminus. In this purification step, CDNF was eluted in the non-retained fraction and was then stored in a buffer containing 1 mM EDTA. With these modifications to the purification protocol, CDNF demonstrated stability at room temperature (ϳ22°C) for months without noticeable proteolysis (data not shown). This enabled us to solve the solution structure of the full-length protein and to test its neuroprotective activity on cell lines (described below).
The solution structure of FL-CDNF is represented in Fig. 1 , A and B, in which we illustrate the superimposition of 10 conformers on the N-terminal domain and again on the C-terminal domain. It is evident that both domains have considerable freedom of orientation relative to each other. This finding is addressed in greater detail in the following section. In Fig. 1C , we depict the conformer with the lowest r.m.s. deviation of the bundle of 20 structures that were calculated for CDNF; the two domains of CDNF are readily identifiable. Using the SUPCOMB software package, we also constructed a molecular envelope based on SAXS data that were collected for the full-length protein (40) . The high resolution solution structure that we obtained for FL-CDNF was able to be fit into this molecular envelope (Fig. 1D) , thereby cross-validating the data obtained by these two distinct techniques and proving that CDNF is monomeric when in solution and contains two structured domains.
The three-dimensional structure of CDNF is defined by 1,902 NOEs and 159 dihedral angle constraints, and its high quality is indicated by the very few residual violations that are present, its low total energy, and Ramachandran plot statistics that indicated ϳ77% of its residues to be within the most favorable regions and only 1.6% of its residues as having disallowed phi and psi angles (Table 1) . Despite having superior structural statistics, the N-terminal domain was considered to have only a fair degree of definition, with an r.m.s. deviation of ϳ1.1 Å for the backbone and of 1.6 Å for all heavy atoms. The C-terminal domain was better defined and had r.m.s. deviation values of ϳ0.7 and 1.3 Å for backbone atoms and heavy atoms, respectively (Table 1) .
Two Dynamic Patches on the Surface of the N-terminal Domain of CDNF-Proteins have many dynamic regions, which are often represented by their solvent-exposed loops and termini. Many studies have shown a strong correlation between conformational entropy and protein activity (reviewed in Ref. 47) . Dynamic structural regions primarily serve as interfaces of protein-protein interactions or catalytic sites. To a lesser extent, these regions can act as allosteric sites, or are at least adjacent to binding sites, which facilitate protein-protein interactions or catalysis by decreasing penalties to entropy loss during binding to a substrate or interaction partner.
To investigate the structural dynamics of CDNF, we collected NMR relaxation data (line widths, R 1 , R 2 , and { 1 H}-15 N NOE) that enabled main chain dynamics to be identified in the range of picosecond to millisecond, and we compared this data with the average local displacements of the backbone, which FIGURE 1. Solution structure of CDNF. Two-domain structure revealed by superposition of a bundle of 10 conformers that represent the NMR solution structure. In A, the superposition was performed on residues 10 -100, which lie within the N-terminal domain, and in B, the superposition was performed on residues 110 -150 of the C-terminal domain. Seven ␣-helices are indicated by labels. The representative conformer of the three-dimensional structure of full-length CDNF is shown in C. This is the conformer that possessed the lowest r.m.s. deviation relative to a bundle of 20 models. The color change from blue to red corresponds with a change in sequence from the N terminus to the C terminus. A fitting of the CDNF conformer shown in C to the molecular envelope determined by SAXS is shown in D. AUGUST 14, 2015 • VOLUME 290 • NUMBER 33
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describe the local fitting of each of the conformers in the bundle (Fig. 2) .
CDNF is composed of two semi-independently oriented domains and because of this it is impossible to obtain a fair fit among all residues of the 20 best structures that were obtained (backbone r.m.s. deviation ϭ 7.16 Ϯ 1.51 Å, see Fig. 1 ). As shown in Table 1 , there was a higher degree of definition at residue positions 10 -100 and 110 -150 in the N-terminal and C-terminal domains, respectively (numbered according to the mature protein).
Four different lines of experimental evidence support a model of CDNF with two independent domains: 1) there were no NOEs present between the two domains (constraints were deposited in PDB code 4BIT); 2) there were no significant differences between the HN chemical shifts of residues 2-100 in the full-length protein that is presented here compared with those that have been previously obtained using a CDNF Fig. 2C ). The final two findings indicate that CDNF possesses a C-terminal domain with a slightly higher molecular tumbling rate than the N-terminal domain, which is compatible with the fact that the molecular weight of the C-terminal domain is ϳ1.8 times less than the N-terminal domain. The significantly different tumbling rates of N-and C-terminal domains that were described for CDNF have been similarly indicated in a three-dimensional solution structure of MANF (16) .
It is notable that the secondary structural elements of CDNF (␣-helices 1-7, identified by green bars in Fig. 2A ) are the most well defined regions of the protein, having the lowest average local displacements. The dynamics data are in close agreement with this evidence, as the residues that comprise these ␣-helices have an above average R 2 /R 1 (Fig. 2C ) and intense positive { 1 H}-15 N NOEs (Fig. 2D) . The 3 10 helix that spans residues 95-102 (green shaded box in Fig. 2A ) has a higher degree of flexibility and is therefore underrepresented among the CDNF conformers (present in 8 out 20 conformers). We speculate that this is because the 3 10 helix is contained within the relatively flexible linker region (residues 99 -113) that connects the two domains. The N-terminal regions of ␣-helices 1 (residues 13-16) and 4 (residues 70 -73) are also less well defined, as shown in Fig. 2A .
We found that the majority of the regions that lacked backbone resolution (average local displacements above 0.1 Å) possessed clear indications of flexibility across diverse time scales. For example, residues 11-16, 68 -73, 88, 99 -101, 132-133, and 138 (identified by gray bars in Fig. 2 , B-D) all had extreme broadening of their amide proton line widths, a phenomenon that typically accounts for chemical exchange processes that occur over a millisecond time scale. Furthermore, the poorly defined N-terminal residues 4 -9 and C-terminal residues 158 -161 ( Fig. 2A) were all demonstrated to experience thermal fluctuations in their conformations (pico-to nanosecond time scale), as indicated by R 2 /R 1 and { 1 H}- 15 N NOE values that were below the average by a difference that was larger than the standard deviation (Fig. 2, C and D) . Values for residues 2 and 3 were not included due to signal overlap, whereas residue Gln-1 does not possess a backbone amide. The majority of the residues comprising the central linker between the two domains in CDNF have { 1 H}- 15 N NOE values that are lower than the overall average (0.70), indicating that this region of the polypeptide chain has a considerably dynamic nature (Fig. 2D, residues  103-113) .
In addition to the above discussed dynamic regions, significant flexibility was also found with respect to individual residues of the polypeptide chain, as indicated by the conformational fluctuations of Ser-33, Leu-34, Thr-48, Leu-55, and Ala-66 that occurred over an order of pico-to nanoseconds. These fluctuations were identified by significantly decreased { Residues that possessed a solvent exposure that was lower than 10% across all conformers were not labeled in the surface plot (residues Cys-14, Leu-41, Cys-45, Thr-48, Leu-55, Val-73, Leu-125, and Tyr-141). It is notable that this surface plot represents a conformation in which linker residues 103-113 are partially shielded, although these residues were found to have a mean exposure to solvent ranging from 7.6 Ϯ 2.6 to 46.9 Ϯ 9.7%.
We found two major dynamic regions on the surface of the N-terminal domain of CDNF. One of them includes residues Ser-33, Leu-34, Gly-60, Ala-66, Lys-68, Ile-69, Leu-70, Ser-71, and Glu-72 (Fig. 2E, upper) . On the opposite side of the structure, there is a patch of nearly sequential residues that span from the N terminus to residue Glu-16, with Glu-88 being the only non-sequential residue included (Fig. 2F, lower) . We speculate that flexibility in this region is necessary for proteolytic processing of pre-CDNF, during which the 24-amino acid long signal peptide is predicted to be cleaved from the N terminus of the mature protein. Although the dynamic region of the C-terminal domain that comprises residues Ala-154, Thr-155, and Lys-158 through Leu-161 appears to be in close proximity to the dynamic N terminus, the distance and orientation between them is actually quite variable as a result of the above discussed freedom of orientation that exists between these domains. Several other residues that possess significant flexibility were found on the surface of CDNF, including a portion of the linker between the two domains (Glu-99, Leu-100, and Lys-101), residue Asp-112, and a small patch formed by residues Cys-132, Arg-133, and Lys-138. The above average levels of flexibility and solvent exposure in the linker region (residues 99 -113) corroborate its susceptibility to proteolysis, which occurs more frequently on the C-terminal side of residue Thr-105 (22) . The exact functions of the flexible regions that are located on the surface of CDNF have not yet been determined; however, based on the findings of several previous studies, we speculate that these dynamic patches might delimit binding or catalytic sites that undergo induced fit or conformational selection (47-49).
Key Structural Elements Identified by the Comparison of CDNF Solution Structure and Crystallographic
Structure-We compared the three-dimensional structure described here with the three-dimensional structure that was solved by x-ray crystallography (Fig. 3) . Parkash and co-workers (14) previously reported an x-ray structure corresponding to the N-terminal domain of human CDNF (residues 1-107; PDB code 2W50), which indicated the presence of five ␣-helixes (␣1-␣5) and a 3 10 helix.
CDNF formed a dimer under the crystallization conditions used above, which included 100 mM sodium acetate at pH 4.6, 200 mM ammonium acetate, and 25-30% (w/v) MME-PEG 2000; however, in the conditions that were used in our experiments to determine its solution structure (see "Experimental Procedures"), CDNF remained monomeric (illustrated in Fig.  1D and by gel filtration chromatography data, not shown). It has also been described that MANF, a CDNF paralog, exists as a monomer in a solution containing 10 mM BisTris, pH 6.8 and either 50 mM NaCl or 10 mM sodium phosphate at pH 6.0 (15, 16) . MANF was also found to exist as a monomer in a crystal FIGURE 3 . A, comparison of the three-dimensional structure of full-length CDNF that was solved by solution NMR (shown in blue) with the three-dimensional structure of the N-terminal-truncated CDNF that was solved by x-ray crystallography (shown in red). Labels identify the N and C termini as well as the helices. The global r.m.s. deviation between the backbones of these structures was 1.15 Å for the more ordered residues (10 -62, 72-100, see Fig. 2 ), which is in the range of the value found for the NMR conformers (see Table 1 ). The average local displacements (B) were calculated for each three residues. The helices in the graph are depicted using the same color scheme that was adopted for the three-dimensional structures (A). The difference in average area of solvent exposure for each residue (C) was calculated using Molmol software (green points and line). The error bars represent the S.D. of solvent exposure among the bundle of 20 NMR structures that represent CDNF in solution. The dotted lines indicate the standard deviation calculated for all averages of residual solvent exposure. Residues with distinct levels of exposure between structures solved by NMR in solution and x-ray crystallography are labeled. lattice that was prepared using 100 mM sodium cocadylate at pH 6.5, 200 mM magnesium acetate, and 12-18% (w/v) PEG 8000 (14) . We speculate that these discrepancies in oligomeric states result from the different solution conditions used.
As can be observed in Fig. 3 , structures solved by solution NMR (colored in blue) and x-ray crystallography (colored in red) contained similar secondary structural elements, and differences between the structures were primarily found in regions with high dynamic behavior, including residues 1-15 and 99 -103, as described in the previous section (Fig. 2) .
Of special attention is the region spanning residues 65 to 73, which encompasses the N-terminal region of ␣-helix 4 (Fig. 3, A and B) and has been noted as an important dynamic site in CDNF (Fig. 2) . As discussed above, the amide proton resonances of residues 68 -75 were absent from the NMR spectrum due to intermediate chemical exchange. Although we were able to assign the side chains of these eight amino acids, which include the hydrophobic residues Ile-69, Leu-70, and Val-73, they all had weak signals (not shown) and very few NOEs when compared with the rest of the sequence (constraints deposited in PDB code 4BIT). This set of experimental data provides the main evidence that, in solution, these hydrophobic side chains are not tightly packed into the hydrophobic core of CDNF and that they undergo conformational exchange on the order of milliseconds. We solved the three-dimensional structure of the N-terminal domain alone (residues 1-105) and found that its characteristics are similar to those of the N-terminal domain of FL-CDNF, primarily with respect to the absence of NMR signals corresponding to the N-terminal region of ␣-helix 4 (22) .
We compared the average solvent exposure of each residue in the NMR and x-ray structures and identified 19 residues with differences in exposure that were larger than the standard deviation (Fig. 3C ). In the NMR structure, the N-terminal region of ␣-helix 4 exhibited overexposures at residues Ala-66 (25.1 Ϯ 9.0%) and, more prominently, Leu-70 (36.4 Ϯ 10.0%) and the burial of residues Thr-67 and Lys-68 compared with the x-ray structure (Fig. 3C) .
Because the segment of CDNF that comprises residues 65-73 is a dynamic region when in solution, we believe that this region varies in conformation from being partially folded with solvent-exposed hydrophobic residues (Ala-66 and Leu-70) to ␣-helical, as identified in the crystal structure. As discussed above, we believe this region is of particular interest, as dynamic regions of proteins are frequently involved in protein activity and frequently delimit active sites. Fig. 1B and Table 1 , the structure of the C terminus is well structured and contains two ␣-helices (residues 118 -127 and 138 -152 for ␣-helices 6 and 7, respectively). This fold closely resembles a fold that is found in human MANF (r.m.s. deviation of 3.29 Å; PDB code 2KVD).
C Terminus of CDNF Possesses Active Sites That Are Conserved in MANF-As shown in
Henderson et al. (19) showed that the C terminus of MANF (-RTDL) is essential for its retention in the endoplasmic reticulum and for its ability to bind plasma membranes, which depends on KDEL receptors. CDNF has a highly homologous sequence (-KTEL), which is exposed to solvent and has high conformational flexibility (Fig. 2F ). As such, it is reasonable to assume that the C-terminal domains of both MANF and CDNF possess active sites that are necessary for the regulation of their secretion from the endoplasmic reticulum.
Additionally, Hellman et al. (15) demonstrated that the C-terminal domain of MANF is structurally homologous to the SAP domains of diverse proteins, including the anti-apoptotic protein Ku70, which binds and inhibits the proapoptotic protein Bax through the motif 578 VPMLKE 583 (50) . The surfaces of the C-terminal domains of both MANF and CDNF possess a homologous motif that encompasses residues 113 VKELKK 118 and 118 VAELKQ 123 , respectively (Fig. 4, residues shown in red) . Indeed, it has previously been demonstrated that the C-terminal domain of MANF has anti-apoptotic activity and provides an intracellular protection mechanism to superior cervical ganglion neurons (15) .
Residues Val-118, Leu-121, and Lys-122 (numbering relative to CDNF) are strictly conserved between MANF, CDNF, and Ku70. Residue Leu-121 in CDNF, which corresponds to Leu-581 in Ku70 and Leu-116 in MANF, is the only residue that is predicted to have a prominent structural role in its active site, as it is completely buried in the hydrophobic core of the C-termi-nal domain. A structural characterization of the interaction between Ku70 and Bax is not available and therefore it is not possible to discern the importance of individual residues to the binding activity of this hexapeptide. Nevertheless, based on the high degree of structural similarity within this motif, we propose that CDNF possesses similar anti-apoptotic activity to what has been proposed for Ku70 and MANF.
CDNF Protects Dopaminergic Neurons against Toxic ␣-Synuclein Oligomers-In 2007, Lindholm et al. (7) described the neuroprotective activity of CDNF against the toxicity of 6-OHDA. Although this is a widely accepted model of Parkinsonism, no other injury model has been used to investigate the neuroprotective abilities of CDNF. In the present study, we evaluated the protective potential of CDNF against toxicity induced by ␣-synuclein oligomers on primary neuron cultures isolated from E14 mouse mesencephalon (Fig. 6 ) and on AMPcbutyryl-treated N2a cells (Fig. 7) .
␣-Synuclein is abundant in human brain tissue and has been correlated with the pathogenesis of PD (51) . Familial forms of PD have been found to be associated with variants of ␣-synuclein (52, 53), including an A30P mutant, which is the variant that was used in the present study. In vitro, ␣-synuclein primarily behaves as an intrinsically disordered protein and only forms amyloidogenic fibers under specific conditions (54) . During ␣-synuclein aggregation, on-pathway oligomers are formed, which have been found to possess enhanced toxicity against cell lines in culture (3, 55) .
In Fig. 5A , the aggregation kinetics of wild-type (WT) ␣-synuclein at pH 7.5 following ThT binding is presented. A subtle increase in ThT fluorescence after 50 h indicates the progressive appearance of amyloid fibrils; prior to this, oligomers are the prominent species, as observed by atomic force microscopy (inset, panel A) and dot blot analysis (Fig. 5B) . In the beginning states of aggregation, only monomeric ␣-synuclein is present (left blot), whereas oligomers predominated the solution at 48 h (right blot), as revealed by A11 antibody staining. Oligomers grown for 48 h were used in further experiments.
Following the above, we challenged mesencephalon neuron cultures that were isolated from E14 mice with a 10 M concentration of WT-␣-synuclein oligomers, with or without preincubating the cells in 10 M CDNF for 1 h (Fig. 6A) . As observed in the results from LIVE/DEAD assays, CDNF protects these cells FIGURE 5 . Characterization of ␣-synuclein aggregation. A, aliquots of ␣-synuclein monomers were taken following incubation at 37°C and centrifugation at 800 rpm. They were diluted to 2 M in PBS, pH 7.5, containing 20 M ThT, to perform a fluorescence assay to detect amyloid aggregation. For this assay, the wavelengths that were used included the following: excitation ϭ 450 nm, emission ϭ 465-520 nm. The red arrow highlights a sample with pre-fibril oligomers that was used for activity assays in neurons. Inset: atomic force microscopy identifying ␣-synuclein oligomers at 48 h. ␣-Synuclein particles were electrostatically adsorbed to mica, as described under "Experimental Procedures." A representative AFM image was acquired in peak force tapping mode. A topographical image of the oligomers shows oblate structures of different heights (color scale bar). B, a dot blot was used to identify ␣-synuclein oligomerization using an A11 antibody, a human ␣-synuclein antibody, or an anti-amyloid fibrils OC antibody. against insults induced by the addition of oligomers. Following these promising results, the concentration of CDNF was varied to produce a dose-response curve, the results of which are presented in panel B. Although the addition of a 10 M concentration of oligomers resulted in only ϳ25% cell viability, the addition of 1 M CDNF increased cell viability to ϳ50%, and the addition of 10 and 15 M CDNF protected primary dopaminergic neurons from oligomer toxicity completely. Fig. 6C illustrates the results following the treatment of these neurons with 10 M 6-OHDA, which resulted in death of the entire treated population. However, pre-treatment with 10 M CDNF for 1 h considerably protected the cells against the toxic effects of 6-OHDA, as previously shown by Lindström et al. (20) .
Finally, N2a cells were differentiated into dopaminergic neurons by the addition of AMPc-butyryl (Fig. 7, A and B) . Following this treatment, cells became TH and MAP2 positive, which are markers of dopaminergic neuron (56) differentiation and neuritogenesis (57), respectively.
These dopaminergic cells (ϳ58% of the cells are TH positive) were incubated with oligomers of WT-and A30P-␣-synuclein with or without pre-treatment with 10 mM CDNF for 1 h and cell viability was evaluated (Fig. 7, C and D) . We found that CDNF almost completely protected the cells against oligomerinduced toxicity.
Discussion
In addition to the present work, four other studies have been performed to analyze the functions of different regions found within the three-dimensional structures of CDNF and its paralog MANF (14 -20) . In 2011 Hellman et al. (15) indicated that the C-terminal domain of MANF contains an active site similar to that of the anti-apoptotic protein Ku-70; this site in MANF FIGURE 7 . CDNF protects dopaminergic neurons that were differentiated from N2a cells against toxicity induced by ␣-synuclein oligomers. Neuroblastoma cultures (N2a) were differentiated as described under "Experimental Procedures." A, immunocytochemistry for DAPI, TH, and MAP2 of N2a cells in the absence and presence of 1 mM AMPc-butyryl. B, Western blot analysis of the indicated cell extracts using anti-TH and anti-␤-actin antibodies. Bands corresponding to tyrosine hydroxylase (62 kDa) are visualized only in primary dopaminergic culture and N2a cells that were differentiated into dopaminergic neurons. ␤-Actin (42 kDa) was used as a control of protein load. C and D, differentiated N2a cells were maintained for 3 days in culture and then pretreated with 10 M CDNF for 1 h before the addition of ␣-synuclein. After 24 h, cell viability was assessed using lactate dehydrogenase and MTT assays. The statistical test used was one-way analysis of variance by Tukey's multiple comparison test, where *, p Ͻ 0.05 and ***, p Ͻ 0.001.
was found to have anti-apoptotic activity when expressed within or injected into mouse superior cervical ganglion neurons. MANF also possesses an active endoplasmic reticulum retention signal at its C terminus, corroborating its anti-apoptotic activity (19) .
The N-terminal domains of CDNF and MANF remain mysterious. They are structurally homologous to saposin-like proteins (SAPLIPS), a group of proteins with varied activities that include membrane binding, however, there is very little conservation of amino acids between these structural homologs (14 -16, 58) . No membrane binding activity has been detected for CDNF, and exogenous MANF does not bind to superior cervical ganglion neurons in vitro (15) . Additionally, mutational analysis of basic residues on the surface of MANF, which are conserved on the surface of CDNF and might enable these proteins to interact with negatively charged phospholipids on cell membranes in a similar manner as SAPLIPS, revealed that they are not essential for its activity (20) . This finding can be added to the recurrent cases of an ancient fold being used by proteins possessing very different activities.
Our NMR data on CDNF dynamics indicated two patches on the surface of CDNF that possessed dynamic properties equivalent to active sites, which may participate in either proteinprotein interactions or catalysis (Fig. 2) . The abundance of water-exposed hydrophobic residues (Leu-34, Leu-70, Ile-69, and Ala-66) in one of these sites indicates that it might serve as a protein-protein interaction interface (59 -61) . The N-terminal region of ␣-helix 4 (residues Ala-65 to Val-73), which is the central portion of this active site, was found to have intermediate dynamics and therefore might experience conformations ranging from the solvent exposure of residues Ala-66 and Leu-70 to a conformation that resembles or is identical to the crystallographic structure, which has a well defined helix with buried Ala-66 and Leu-70 side chains (Fig. 3) .
The C-terminal domain of CDNF, which was absent in the constructs used for the crystallization, has been presumed to be unstructured and to therefore introduce a long, disordered segment into CDNF (14) ; however, in this study, we show that this domain is well folded and possesses high structural similarity to the MANF C-terminal domain, including to its two active sites (Fig. 4) .
We demonstrate that CDNF prevents the toxic effects produced by ␣-synuclein oligomers from affecting dopaminergic neurons (Figs. 6 and 7) . It has already been reported that CDNF protects dopaminergic neurons against lesions induced by 6-OHDA and that this protection is dose-dependent (7). We also observed that CDNF protects against 6-OHDA-induced injury in primary cell cultures prepared from mouse mesencephalon, which supports the relevance of using this model to assess the neurotrophic properties of this protein.
The toxicity of ␣-synuclein has primarily been related to its propensity to form prefibrillar oligomers. The lethal effect observed in our experimental setup is consistent with the most accepted model for the toxicity of ␣-synuclein, which is the gain of toxic function by the oligomers. It is worth noting that the neurotoxicity can be caused by exogenous ␣-synuclein that is taken up through endocytotic mechanism (62) . Interestingly, the formation of toxic aggregates seems to be triggered by factors such as the dopamine (63) . In fact, we tested ␣-synuclein against undifferentiated N2a cells and it did not exert any toxic effect (data not shown). The downstream mechanism of toxicity induced by the oligomers is still not well known, and may involve proteasomal dysfunction, down-regulation of mitochondrial complex I activity, Ca 2ϩ influx across the plasma membrane, apoptosis, and necrosis (62) . The cellular clearance of ␣-synuclein is performed by the ubiquitin-proteasome system and chaperone-mediated autophagy (64) , and interventions that stimulate chaperone-mediated autophagy can prevent ␣-synucleinopathy (65) (66) (67) . Furthermore, aberrant ␣-synuclein inhibits the chaperone-mediated autophagy, which adds to the multitude of proposed mechanisms for its toxicity (68) .
Because CNDF contains putative protein-protein interaction sites, we first hypothesize that the protective effect of CDNF could arise by direct binding to ␣-synuclein, which could avoid the formation of toxic oligomers or block their uptake by neurons. Using steady-state tryptophan intrinsic fluorescence polarization (69) and far dot blotting (70) we did not find any evidence of interaction among CDNF and neither monomeric nor oligomeric ␣-synuclein (data not shown). Notwithstanding, other possible mechanisms of action for CDNF might include: 1) binding to a transmembrane receptor, like other neurotrophic factors, activating survival pathways that surpasses the toxic effect of ␣-synuclein; 2) stimulating the cellular clearance pathways such as chaperone-mediated autophagy; and 3) inhibiting apoptosis by interaction with BAX via its Ku70-like active site (15, 18) . Because CDNF has two domains, it can use at least two mechanisms to protect dopaminergic neurons against toxic prefibrillar oligomers of ␣-synuclein.
CDNF was also found to be active in cultures of differentiated TH-and MAP2-positive N2a cells, which is a straightforward model for studying neuroprotective mechanisms. Moreover, this model may be useful in subsequent studies aimed at identifying the active site that resides within the N terminus of CDNF, as well as for the discovery of its receptor. 
